1. Introduction {#sec1}
===============

Porcine epidemic diarrhea (PED) is an infectious enteric disease, causing significant economic loss to the pig industry across the world ([@bib14]). The pathogen responsible for PED is the porcine epidemic diarrhea virus (PEDV), a member of the coronaviruses ([@bib2]). The first PEDV strain was isolated by a research group from Gent University, Belgium, in 1978 and named CV777([@bib31]). They found that the PEDV shared a similar structure with transmissible gastroenteritis virus (TGEV), a known swine enteric coronavirus at that time. However, PEDV cannot be neutralized by antiserum of TGEV, although both viruses are from the same category and caused the same clinical symptom of watery diarrhea in pigs ([@bib3]). Lately, the PEDV was found in Asian pig farms in 1982 and caused mild diarrhea and limited mortality in pig herds. During the early 2010s, virulent PEDV strains emerged and spread promptly between the pig farms from Asia, North America, and the European Union, causing enormous economic loss ([@bib15]; [@bib20]). Currently, the virulent strain of PEDV is a continuous threat to the pig industry.

PEDV-infected piglets suffer severe clinical symptoms like vomiting, watery diarrhea, dehydration, and high mortality (up to 100% mortality in 1-day to 3-day old piglets) ([@bib12]; [@bib13]). Generally, virus shedding in feces is detectable within 48 h and may last for four weeks ([@bib28]). Compared to fattening pigs, the piglets are easier to get infected by PEDV due to lower turnover of their intestinal epithelium cells ([@bib21]; [@bib23]). Kwonil et al. found that the pigs with intestinal damages, like some destructed junction proteins like adherin in villous and crypt epithelium of intestines, were more susceptible to secondary infection ([@bib8]).

The intestinal microbiota is a stable microenvironment within the whole intestines and plays a critical role in the development of the intestinal mucosal immune system. It can compete with other pathogens for nutrients and binding sites, inhibiting their invasion into intestinal mucosa ([@bib4]). When the homeostasis of the intestinal microbiota is destroyed, the number of conditioned pathogenic bacteria can increase while the number of beneficial bacteria will decrease, resulting in inflammation or diarrhea. PEDV infection was reported to alter intestinal microbiota distribution. Huang et al. found that the taxon composition profile of infected suckling piglets was significantly different from that of uninfected suckling piglets (three to eight days old). The abundance of *Firmicutes* was higher in infected suckling piglets, whereas the abundance of *Bacteroidetes* was lower in infected piglets ([@bib5]). The intestinal microbiota was also changed after PEDV infection, whether in pigs around 4--21 days ([@bib18]) or pigs less than three months old ([@bib11]). Liu found that *Verrucomicrobia* whose abundance was 20% in control piglets was approximately zero in diarrheal piglets while the abundance of *Fusobacteria* in diarrheal piglets (36%) was seven times higher than that in control piglets (5%). Koh found that eight genera were more abundant in the gut after PEDV infection, including *Fusobacterium* and *Bacteroides*. However, these studies did not tell that the different intestinal microbiota distribution with changed intestinal segments and ages of healthy pigs. Besides, they did not tell how PEDV infection influences intestinal microbiota in pigs of different ages.

In this study, we investigated the distribution of swine intestinal microbiota in different segments of small intestines and different age groups. We also analyzed the differential distribution of intestinal microbes affected by PEDV infection. The results that originated from this study will contribute to the understanding of age-dependent pathogenicity of PEDV infection and associations between PEDV infection and intestinal microbes.

2. Results {#sec2}
==========

2.1. Intestinal microbial community in different segments of the small intestine {#sec2.1}
--------------------------------------------------------------------------------

A total of 54 intestinal content samples were collected from different segments of the small intestine of piglets and subjected to 16S rRNA sequencing. After screening of the original sequence reads, 2,671,688 valid reads for the 16S rRNA V3--V4 region was obtained, with an average of 49,476 reads per sample (range from 33,155 to 12,0788). The average length of the amplicon was 462 bp. The effective sequence lengths were distributed between 430 bp and 470 bp ([Fig. S1](#appsec1){ref-type="sec"}), with average length at 462 bp. The detailed information of each sample is listed in DATASET S1. A total of 2809 OTUs classified into different taxonomies. Twelve phyla, 21 classes, 38 orders, 74 families, and 215 genera were identified from these samples based on sequence clustering. A phylogenetic tree for the top 30 bacteria was generated by the maximum likelihood method and showed in [Fig. S2](#appsec1){ref-type="sec"}.

According to the relative genus abundance, PCoA analysis revealed that no significant microbiota difference was observed from duodenum, jejunum, and ileum of the piglets at the same age ([Fig. 1](#fig1){ref-type="fig"} A). The P-value from Anosim analysis of the difference between different intestinal segments in every pig\'s age was 0.832, 0.513, and 0.313, respectively. The further analysis illustrated that the duodenum and jejunum had higher microbial diversity than that of the ileum of 1-week-old piglets, while no diversity difference was shown between the different segments in 2-week-old and 4-week-old piglets ([Fig. 1](#fig1){ref-type="fig"}B). The relative abundance analysis at the phylum level demonstrated that *Firmicutes*, *Bacteroidetes*, and *Proteobacteria* were the main intestinal phyla in all age groups ([Fig. 1](#fig1){ref-type="fig"}C). The relative abundances of *Bacteroidetes*, *Actinobacteria*, *and Fusobacteria* were lower in the ileum of 1-week-old piglets than in the other two segments. Besides, the ileum contained a higher abundance of *Fusobacteria* in 2-week-old piglets but lower *Bacteroidetes* in 4-week-old piglets, compared to the abundances in duodenum and jejunum ([Fig. 1](#fig1){ref-type="fig"}C). The LEfSe analysis showed that the *Flavobacteriales* in the duodenum of 1-week-old piglets, the *Streptosorangiales* and *Nocardiopsaceae* in the jejunum of 2-week-old piglets, the *Enterobacteriales*, *Escherichia Shigella*, *Enterobacteriaceae* in the ileum, and the *Oceanospirillales*, *Halomonadaceae* in the jejunum of 4-week-old piglets were the discriminatory species between each segment and age group ([Fig. S3](#appsec1){ref-type="sec"}).Fig. 1Analysis of intestinal microbe in different segments in the small intestine of healthy piglets. Intestinal contents from duodenum, jejunum, and ileum of 1-week-old, 2-week-old, and 4-week-old healthy piglets were collected and subjected to 16S rRNA sequencing. (A) NMDS analysis of the relative abundance of microbe in duodenum, jejunum, and ileum from a different age of piglets. (B) Shannon index of microbial diversity in duodenum, jejunum, and ileum from a different age of piglets. (C) Heatmap of bacterial distribution in the level of phylum.Fig. 1

2. Temporal development and maturation of swine intestinal microbiota {#sec3}
=====================================================================

The intestinal microbiota of piglets alters with the change of feeds during different growth stages. PCoA analysis showed that 4-week-old piglets have different microbial diversity comparing to the 1-week-old and 2-week-old piglets, and the latter two age groups shared similar microbial diversity ([Fig. 2](#fig2){ref-type="fig"} A). The *P*-value from Anosim analysis of the difference between different ages in every intestinal segment of pigs was 0.014, 0.063, 0.043, respectively. The 1-week-old and 2-week-old piglets\' microbial diversity was higher than that in 4-week-old piglets ([Fig. 2](#fig2){ref-type="fig"}B). Generally, *Firmicutes* and *Proteobacteria* were mainly present in all piglets, with a substantial decrease of *Proteobacteria* in the duodenum of 2-week-old and 4-week-old piglets ([Fig. 2](#fig2){ref-type="fig"}C). The abundance of *Proteobacteria* was reduced while *Firmicutes* was increased with the growth of piglets ([Fig. 2](#fig2){ref-type="fig"}C)*.* The LFfSe analysis revealed that the *Oceanospirillales*, *Moraxella* of *Proteobacteria*, were the central discriminative microbial populations, with higher abundance in the duodenum of 1-week-old piglets than that of 2-week-old and 4-week-old piglets ([Fig. S4](#appsec1){ref-type="sec"}). The low abundance of *Gemella* and high abundance of *Wohlfahrtimorias* were presented in the ileum of 1-week-old piglets and the jejunum of 4-week-old piglets, respectively ([Fig. S4](#appsec1){ref-type="sec"}).Fig. 2Changes of intestinal microbe at different age of healthy piglets. (A) The changes in the relative abundance of intestinal bacteria at different age of piglets were analyzed by NMDS. (B) Shannon index of microbial diversity in a different segment of the small intestine from a different age of piglets. (C) The bacterial distribution diagram at the level of phylum.Fig. 2

3. Pathogenicity of PEDV infection {#sec4}
==================================

After PEDV infection, anal swabs were collected every 6 hpi and subjected to viral loads analysis by real-time RT-qPCR. The results showed that the virus was detectable in PEDV-infected 1-week-old and 2-week-old piglets but not from 4-week-old piglets ([Fig. 3](#fig3){ref-type="fig"} A). In the 1-week-old group, the viral titers increased dramatically after challenge, peaked at 18 hpi, and remained stable after approximately 10^8^ gene copies/ml until being sacrificed at 48 hpi ([Fig. 3](#fig3){ref-type="fig"}A), with one piglet succumbing to the infection at this time point. However, the 2-week-old group exhibited a delayed viral load peak at 42 hpi ([Fig. 3](#fig3){ref-type="fig"}A). PEDV infection did not cause a significant change in their body temperatures for all tested groups ([Fig. S5A](#appsec1){ref-type="sec"}). Fecal consistency, wet and dry ratio were employed to evaluate the level of diarrhea. Both results illustrated that the 1-week-old piglets suffered more severe diarrhea after PEDV inoculation than that 4-week-old piglets did ([Fig. 3](#fig3){ref-type="fig"}B and [Fig. S5B](#appsec1){ref-type="sec"}). The severe lesion, showing thin intestinal wall and yellowish watery intestinal contents, was observed from PEDV-infected 1-week-old piglets while the 2-week-old and 4-week-old piglets only showed mild clinic symptom, compared to the mock-infected piglets ([Fig. S5C](#appsec1){ref-type="sec"}). The histological lesions were characterized by intestinal epithelial cell detachment, intestinal villus atrophy, cellulosic exudation, lymphocyte infiltration, and vascular congestion in PEDV-infected 1-week-old piglets ([Fig. 3](#fig3){ref-type="fig"}C). These results imply that the sensitivity of piglets to PEDV infection was reversely correlated to their ages.Fig. 3Pathogenicity induced by PEDV infection. (A) Kinetics of viral shedding in a different age of piglets. The viral loads in anal swabs at indicated time points were analyzed by real-time RT-qPCR. LD line was the maximum value from blank control detected by RT-qPCR. (B) Fecal wet/dry ratios for each age group were calculated to evaluate the severity of diarrhea. (C) H&E staining of different segments of the small intestine from different age groups. Solid arrows indicate the detachment of intestinal epithelial cells. Empty arrows represent cellulosic exudation. Triangle means vascular congestion.Fig. 3

4. Virus detection in small intestines {#sec5}
======================================

Different segments of small intestines and associated intestinal contents were harvested and subjected to PEDV viral loads analysis by a TaqMan-probe-based real-time RT-qPCR developed in our laboratory ([@bib6]). The results demonstrated that the virus was detectable in all segments of small intestines in 1-week-old challenged piglets, but no virus was found in any 2-week-old and 4-week-old age groups ([Fig. 4](#fig4){ref-type="fig"} A). PEDV was detected in the intestinal contents derived from different small intestine segments in both 1-week-old and 2-week-old piglets but absent in 4-week-old piglets ([Fig. 4](#fig4){ref-type="fig"}B). The immunohistochemistry staining against PEDV N protein showed that viral antigen was presented on the villi of duodenum, jejunum, and ileum in 1-week-old challenged, comparing to mock-infected piglets. However, no detectable viral genome was found from any segments of small intestines in both 2-week-old and 4-week-old piglets ([Fig. 4](#fig4){ref-type="fig"}C). Taken together, the PEDV antigen detection results were precisely identical to the genome detection results.Fig. 4Detection of PEDV in different segments of the small intestine and intestinal contents. Different segments of the small intestine and associated intestinal contents were collected at the time of sacrificing. Viral loads in intestines (A) and intestinal content (B) were measured by real-time RT-qPCR. (C) Immunohistochemical analysis for detection of PEDV N protein. The arrows indicate PEDV-positive cells.Fig. 4

5. PEDV reshape the pig microbiota {#sec6}
==================================

The intestinal contents from PEDV-infected piglets were collected and subjected to 16S rRNA analysis. The results indicated that PEDV infection reshaped the intestinal microbiota. The PCoA analysis revealed that the intestinal microbiota in the PEDV-infected piglets was distinct significantly from mock-infected piglets. The *P*-value from Anoism analysis between uninfected and infected group were 0.004, 0.003, 0.029 in 1-week, 2-week, and 4-week pigs, respectively. ([Fig. 5](#fig5){ref-type="fig"} A). The relative abundance of the microbiota was analyzed at phylum ([Fig. S6](#appsec1){ref-type="sec"}) and genus ([Fig. 5](#fig5){ref-type="fig"}B) levels. The results demonstrated that *Proteobacteria* was decreased while *Firmicutes* was increased in 1-week-old PEDV-infected piglets. On the contrary, the tendency was reversed in 2-week-old piglets. The *Firmicutes* and *Proteobacteria* in the 4-week-old group were slightly changed, but the *Bacteroidetes* were significantly increased in duodenum and jejunum, not ileum. ([Fig. S6A](#appsec1){ref-type="sec"}). The genus-level analysis results indicated that the upregulation of *Lactobacillus* and downregulation of *Escherichia-shigella* were induced by PEDV infection in duodenum, jejunum, and ileum of 1-week-old piglets. Again, an opposite pattern was observed in 2-week piglets. In the 4-week-old group, PEDV infection downregulated the abundance of *Lactobacillus* in duodenum and jejunum, but the abundances of *Prevotella* and *Weissella* were higher than in mock-infected piglets ([Fig. 5](#fig5){ref-type="fig"}B).Fig. 5PEDV infection affects the intestinal microbiota of piglets. (A) PCoA analysis of the relative abundance of intestinal bacterial distribution after PEDV infection. (The 16S rRNA data from uninfected pigs is the same as in [Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}.) (B) The bacterial distribution diagram at the level of the genus. The changes of intestinal microbe in 1-week-old (C) and 2-week-old piglets (D) were analyzed by LEfSe. (E) Absolute numbers of intestinal microbe in 1-week-old and 2-week-old piglets.Fig. 5

The representative LEfSe results showed that PEDV infection significantly decreased the abundance of *Clostridia* in duodenum, jejunum, and ileum of 1-week-old piglets. PEDV infection also induced upregulations of *Lactococcus* in the duodenum and *Tyzzerella*in, the jejunum ([Fig. 5](#fig5){ref-type="fig"}C). In 2-week-old piglets, the relative abundance of *Enterococcus* in all intestines and *Clostridia* in the ileum was significantly decreased by PEDV infection. In contrast, the *Escherichia shigella*, *Corynebacterium* in the duodenum and the *Escherichia-shigella*, *Lactococcus*, *Streptococcus*, and *Corynebacterium* in ileum were increased ([Fig. 5](#fig5){ref-type="fig"}D). The number of *Escherichia shigella* was increased in the duodenum but decreased in ileum after infection in 4-week-old piglets ([Fig. S6B](#appsec1){ref-type="sec"}).

The abundance distribution of the top five differential bacterial strains between PEDV-infected and mock-infected piglets was analyzed by Metastats and presented in the supplemental DATASET S3. Absolute abundance of intestinal bacteria was analyzed by SPSS software (significantly changed data were shown as follows), and the results demonstrated that *Lactococcus* was significantly increased not only in the jejunum (*p* = 0.031) and the ileum of infected 1-week-old piglets but also in duodenum and ileum (*p* = 0.025) of 2-week-old infected piglets ([Figs. 5E and S6C](#appsec1){ref-type="sec"}). Besides, the 2-week-old PEDV-infected piglets had a large number of *Corynebacterium* (*p* = 0.001) but decreased the amount of *Enterococcus* (*p* = 0.005) in their duodenum ([Figs. 5E and S6C](#appsec1){ref-type="sec"}). For 4-week-old PEDV-infected piglets, the number of *Escherichia Shigella* (*p* = 0.044) was reduced in ileum while *Streptococcus* (*p* = 0.015) was increased in the duodenum ([Figs. 5E and S6C](#appsec1){ref-type="sec"}). This analysis revealed that PEDV infection reshaped the intestinal microbiota in an age-dependent manner, characterized by significant changes in *Lactobacillus* and *Escherichia Shigella.*

6. PEDV infection potentially influences microbial functions {#sec7}
============================================================

We next analyzed the change of predicted microbial functions caused by PEDV infection in 1-week-old and 2-week-old piglets. In 1-week-old piglets, PEDV infection significantly upregulated the relative abundance of bacteria being responsible for carbohydrate metabolism and xenobiotics biodegradation but downregulated the abilities of energy metabolism, cellular processes, and folding, sorting and degradation ([Fig. 6](#fig6){ref-type="fig"} A). In 2-week-old piglets, the bacterial RNA profiling of amino acid metabolism, coenzyme transport, and metabolism, metabolism of cofactors and vitamins, genetic information processing, metabolism of other amino acids were significantly induced by PEDV infection. However, the predicted functions of membrane transport, defense mechanisms, enzyme families, etc. were decreased by PEDV infection ([Fig. 6](#fig6){ref-type="fig"}B). Although the changes are small, these results might indicate that PEDV infection also affects the biological functions of intestinal microbiota in piglets.Fig. 6The predicted functions of intestinal microbes in 1-week-old (A) and 2-week-old (B) piglets were analyzed by KEGG or COG.Fig. 6

7. Discussion {#sec8}
=============

Microbiota is a critical player in the microenvironment of intestines, where the PEDV invades and replicates. The complex microbe in the gastrointestinal tract plays a critical role in maintaining the gut health of humans, animals, and birds ([@bib7]). Since 2010, high virulent PEDV strains emerged in pig farms, causing severe diarrhea, intestinal damage, and up to 100% mortality in piglets younger than 10-day-old ([@bib16]). Thus, we hypothesized that PEDV infection changes the diversity and abundance of intestinal microbiota in young piglets. In this study, we investigated the distribution and abundance of intestinal bacteria residing in different small intestine segments from healthy piglets at different ages. The alterations of distribution, abundance, and potential functions caused by PEDV infection were also analyzed. To our knowledge, this is the first comprehensive investigation to report differential intestinal microbiota from a different age of piglets and influenced by PEDV infection.

A previous investigation in pigs showed that the bacteria in the ileum, cecum, and colon were differentially distributed ([@bib9]). However, there was no such report to compare the composition of microbiota in different segments of swine small intestines in pigs. The small intestine, susceptible to PEDV invasion, plays an essential role in sustaining intestinal homeostasis via a wide variety of microbes. Our results indicated that *Bacteroidetes*, *Firmicutes,* and *Proteobacteria* were the predominant phyla of intestinal microbiota. Song et al. reported that PEDV infection decreased the number of *Bacteroidetes* ([@bib30]), which produces a short fatty acid to protect the intestines ([@bib25]). The reduced number of *Bacteroidetes* might influence intestinal homeostasis, making it easier for PEDV invasion.

In this study, the influence of PEDV infection on the intestinal microbial abundance in different intestine segments from a different age of piglets was investigated. The results demonstrated that 1-week-old and 2-week-old healthy piglets shared high similarity in the microbiota distribution and abundance but differed from the 4-week-old piglets. Their diet pattern may be responsible for this difference since younger piglets were fed with milk substitutes while the 4-week-old piglets were fed with pellet feed. Regardless of age, diet, and breeds of piglets, the *Bacteroidetes* and *Firmicutes* were still the predominant phyla in the small intestine, consistent with a previous report ([@bib10]). The higher abundance of *Proteobacteria* in 1-week-old and 2-week-old piglets rather than 4-week-old piglets may result in higher viral loads in intestinal contents of 1-week-old and 2-week-old piglets because the γ-*Proteobacteria* were reported to cause sustained intestinal inflammation and increased susceptibility to neonatal and adult models of intestinal injury ([@bib19]).

Fecal consistency, a visual scoring system, is widely used to evaluate the severity of diarrhea, which is inherently subjective. To avoid inaccuracy caused by the individual investigator, both blind scoring and wet/dry ratios (an objective measure of fecal consistency) ([@bib17]) were applied to assess diarrhea in this study. High coherence was observed between the visual assessment of fecal samples and their wet/dry ratios ([Figs. 3B and S5B](#appsec1){ref-type="sec"}). Besides, our results demonstrated that the viral loads in intestinal contents were higher than those in intestinal tissues. We speculated that intestinal microbiota and/or their metabolite might improve the invasiveness and replication of viruses. For example, bacterial polysaccharides enhance poliovirus stability and cell attachment so that viruses can easily invade intestinal tissue and replicate robustly ([@bib26]). Our research illustrated that more detectable PEDV was found from the jejunum and ileum than from the duodenum ([Fig. 4](#fig4){ref-type="fig"}A and B). We hypothesize that bacteria facilitate PEDV invasion via microfold cells (M cells) since M cells are widely distributed in the jejunum and ileum and are the main entry sites for many bacteria like *Salmonella typhimurium*, *Shigella Flexner*, *Yersinia entericolitica* and *Brucella abortus* ([@bib27]). Further investigations are required to reveal the detailed relationships between the PEDV invasion, intestinal microbiota, and M cells.

Our results demonstrated that *Lactobacillus* and *Escherichia-shigella* were affected by PEDV infection. *Lactobacillus* plays an essential role in maintaining the homeostasis of intestinal microbiota and enteric immunity. Wang et al. reported that *Lactobacillus casei* modulates enteritis by regulating the differentiation of Treg/Th17 cells ([@bib33]), critical players in inflammatory diseases ([@bib32]). *Lactobacillus* prevents pathogenic bacteria from invading intestines and inhibits inflammation ([@bib1]). Our results showed that the PEDV infection induced severe pathogenicity and increased *Lactobacillus\'s* numbers in the small intestine of 1-week-old piglets, whose adaptive immune system is immature. The increase of *Lactobacillus* can inhibit inflammation and the growth of other pathogenic bacteria by stimulating innate immunity. More studies are needed to illuminate the relationship between *Lactobacillus* and intestinal pathogenicity. *Escherichia-shigella* was increased after PEDV infection ([@bib11]) and could invade the basolateral side of epithelial cells ([@bib22]), and is one of the most common bacteria causing diarrhea ([@bib35]). The toxin of *Escherichia-shigella* secreted by type III secretion system is capable of changing cellular metabolism, lysing cellular membranes, and facilitating bacterial invasion ([@bib29]). The absence of detectable PEDV in the intestines of 2-week-old and older piglets ([Fig. 4](#fig4){ref-type="fig"}A and C) may have been caused by the increase of *Escherichia-shigella* and associated with upregulation of IFN III expression, which is essential to defend intestinal viral entry ([@bib24]). Detailed investigations are required to address this hypothesis. Besides, microbial changes influence cellular metabolism (3). Intestinal microbe imbalances caused by infection lead to metabolic disorders, consistent with our predicted microbial functions. Experimental data should be generated to verify and validate the predicted functions.

In conclusion, this study investigated the distribution of intestinal microbiota in different segments of the small intestine and different ages of piglets using 16S rRNA sequencing technology. Our results show that PEDV infection reshapes the intestinal microbiota, especially in younger piglets. Future studies will investigate whether the absence or presence of specific microbes in the context of PEDV infection changes disease susceptibility in piglets. Understanding the effect of intestinal microbes on the infectivity and severity of PEDV will facilitate the development of new prevention strategies for viral diarrhea.

8. Materials and methods {#sec9}
========================

8.1. Piglets and virus {#sec9.1}
----------------------

To obtain PEDV-free piglets, piglets of different ages and sows were screened by real-time RT-qPCR and ELISA, specific for both PEDV genome and antibodies. After screening, six PEDV-free piglets (Duroc-Landrace-Yorkshire) for each age group (1-week old, 2-week old, and 4-week old) were purchased from a pig farm located in Dingxi, Gansu province and housed in isolated animal rooms. Pigs at the same age were from the same sow, and the sows were feed in the same environment. The gender of pigs was chosen randomly. The 1-week and 2-week old piglets were fed with a milk substitute (Anyou, China) while the 4-week old piglets were fed with regular feed (typically weaned at 21 days).

The virulent PEDV field strain LJX01/2014 was obtained from diarrheic piglets from a pig farm in LiuJiaXia, Gansu, China. To get rid of all the intestinal bacteria, the intestinal contents from the diarrheal piglets were resuspended in sterile PBS and centrifuged at 4 °C for 20 min. The supernatant was then collected, subjected to filtration through 0.45 μm filters, and quantified for PEDV loads by a probe-based real-time RT-qPCR. No other enteric viruses were found in the viral stock, and the PEDV viral stock was then preserved at −80 °C until use.

8.2. Animal experiments {#sec9.2}
-----------------------

Six piglets of each age group were randomly divided into two groups, challenge group and mock control group (n = 3/group). For three challenge groups, the piglets were orally inoculated with 2 × 10^7^ copies PEDV LJX01/2014 strain. The mock-infected piglets were orally inoculated with an equal volume of sterile PBS. Their rectal temperature was measured every 12 h after inoculation while the anal swabs of each piglet were collected every 6 h for detection of viral shedding by real-time RT-qPCR. In addition, fecal samples were collected directly from the rectum of each piglet and scored (0, normal feces; 1, mixed stool samples containing both solid and pasty feces; 2, pasty feces; 3, semiliquid feces; 4, liquid feces) independently and blindly by two investigators to evaluate the severity of diarrhea. The feces were immediately weighed after scoring, then dried at 70 °C overnight, and reweighed. Wet/dry ratios were determined by dividing the initial weight by the dry weight to assess diarrhea. At 48 hpi, all piglets were sacrificed and subjected to necropsy to harvest intestinal contents in duodenum, jejunum, and ileum separately for both viral loads detection and intestinal microbiota analysis by 16S rRNA sequencing. The tissues of duodenum, jejunum, and ileum were harvested for viral load detection and evaluation of pathological changes. All experimental procedures and animal care protocols were approved by the guidelines for Care and Use of Laboratory Animals of Lanzhou Veterinary Research Institute (LVRI), Chinese Academy of Agricultural Sciences, China.

8.3. Viral loads detection {#sec9.3}
--------------------------

Anal swabs and intestinal contents in sterile PBS were vortexed thoroughly and subjected to centrifugation at 12,000 rpm for 10 min at 4 °C. Intestines were homogenized in pre-chilled sterile PBS containing 0.5 mm silicon beads with a bead-beater (Eppendorf) and centrifuged at 12,000 rpm for 10 min at 4 °C. The total RNAs from each sample were extracted from supernatants using Trizol reagent (Invitrogen) and reverse-transcribed into cDNAs using random primers. The cDNAs were applied to a Taqman probe-based real-time qPCR analysis for detection PEDV genome using the ABI 7500 system with TransStart Probe qPCR Supermix (Transgen Biotech). The detailed information of the primer set and probe targeting PEDV M gene were as follows: forward primer: 5′-GAT ACT TTG GCC TCT TGT GT-3′, reverse primer: 5′-CAC AAC CGA ATG CTA TTG ACG-3′, and Taqman probe: 5′-FAM-TTC AGC ATC CTT ATG GCT TGC ATC-TAMRA-3\'. The amplification was carried out with denaturing at 95 °C for 30s, followed by 40 cycles at 94 °C for 5s and 60 °C for 30s. The genome copies were calculated based on a standard curve.

8.4. Histological analysis and immunohistochemistry {#sec9.4}
---------------------------------------------------

Different intestinal tissue segments were collected, fixed for 24 h in 10% formalin, dehydrated according to the standard protocol, and then embedded in paraffin. The sections were cut from each tissue block, deparaffinized in xylene, stained with Hematoxylin and Eosin (H&E), and observed under a microscope to evaluate pathological changes.

After antigen retrieval, the paraffin sections were incubated with a monoclonal antibody against PEDV nucleoprotein, then HRP-conjugated goat anti-mouse (1:500) secondary antibody and followed by staining with Mayer\'s hematoxylin as the nuclear dye. The slides were then observed under a microscope to detect viral particles, showing brown precipitation in the cells.

8.5. Intestinal microbiota analysis {#sec9.5}
-----------------------------------

Genomic DNA was extracted from intestinal contents within duodenum, jejunum, and ileum by utilizing the PowerSoil® DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA), according to the manufacturer\'s protocol. Furthermore, DNA quality was assessed with NanoDrop ND-2000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, USA) and a spectrophotometer (Qubit 2.0 Fluorometer, ThermoScientific, USA). Then the high pure genomic DNA was used for library preparations and Illumina high-throughput sequencing by GENEWIZ (Suzhou, China). Details regarding Illumina sequencing, experimental steps, and data analyses are described elsewhere ([@bib34]). Briefly, V3 and V4 hypervariable regions of prokaryotic 16S rRNA were selected for generating amplicons and following taxonomy analysis. The V3 and V4 regions were amplified using forward primers "CCTACGGRRBGCASCAGKVRVGAAT" and reverse primers "GGACTACNVGGGTWTCTAATCC.\"

Meanwhile, indexed adapters were added to the ends of the 16S rRNA amplicons to generate indexed libraries ready for downstream NGS sequencing on Illumina Miseq. The DNA library concentration was validated by Qubit3.0 Fluorometer. After quantification, the library was diluted to 10 nM, DNA libraries were multiplexed and loaded on an Illumina MiSeq instrument according to manufacturer\'s instructions (Illumina, San Diego, CA, USA).

The forward and reverse reads obtained by two-terminal sequencing were joined based on barcode and truncated by cutting off the barcode and primer sequence (Cutadapt v1.9.1). After removing the chimeric sequence, sequences with high quality were retained and compared to the reference database (Silva 132) for operational taxonomic unit (OTU) analysis. VSEARCH (1.9.6) was used for sequence clustering (sequence similarity was set to 97%). Then, the RDP classifier (Ribosomal Database Program) Bayesian algorithm was used to analyze the representative sequence of OTU, and the community composition of each sample was counted at different taxonomic levels.

Based on the results of OTU analysis, alpha diversity index was calculated by random sampling of sample sequences. Based on the Bray-Curtis distance matrix between samples, the visualization maps of PCoA (principal coordinates analysis) and NMDS (non-metric multidimensional scaling analysis) were used to show beta diversity. Advanced analysis, such as Metastats and LefSe (LDA Effect Size), was employed to understand genomic differences between groups better to understand the kinetics of intestinal microbiota and PEDV infection. Besides, after the OTU abundance being normalized, the COG family/KO information corresponding to each OTU through the Greengene ID corresponding was obtained, and the abundance of each COG was calculated. Finally, their predicted biological functions were annotated.

8.6. Data analysis {#sec9.6}
------------------

All data were analyzed by SPSS. The significant difference analysis was performed by one-way ANOVA ("\*\*\*" means *p* \< 0.001, "\*\*" means *p* \< 0.01, "\*" means *p* \< 0.05). Data presented as Mean ± SEM. All figures were generated by "R" or GraphPad prism software. The *P*-value from Anosim analysis was used to describe the PCoA difference in different groups. "*p* \< 0.05" means a significant difference.
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